All near-equilibrium systems under linear regime evolve to stationary states in which there is constant entropy production rate. In an open chemical system that exchanges matter and energy with the exterior, we can identify both the energy and entropy flows associated with the exchange of matter and energy. This can be achieved by applying statistical mechanics (SM), which links the microscopic properties of a system to its bulk properties. In the case of contractile tissues such as human placenta, Huxley's equations offer a phenomenological formalism for applying SM. SM was investigated in human placental stem villi (PSV) (n = 40). PSV were stimulated by means of KCl exposure (n = 20) and tetanic electrical stimulation (n = 20). This made it possible to determine statistical entropy (S), internal energy (E), affinity (A), thermodynamic force (A / T) (T: temperature), thermodynamic flow (v) and entropy production rate (A / T x v). We found that PSV operated near equilibrium, i.e., A 2500 J/mol and in a stationary linear regime, i.e., (A / T) varied linearly with v. As v was dramatically low, entropy production rate which quantified irreversibility of chemical processes appeared to be the lowest ever observed in any contractile system.
Introduction
Human placental stem villi (PSV) have been shown to possess contractile properties [1, 2] and the kinetics of myosin crossbridge (CB) molecular motors inside the extravascular part of PSV are dramatically slow [3] . A phenomenological approach of the thermodynamic behavior of myosin CBs is provided by the A. Huxley theory [4] which allows to determine kinetics and probabilities of several steps of the ATP-ADP-Pi-acto-myosin cycle [5] . A. Huxley's equations link kinetics of CB molecular motors to mechanics of the whole contractile tissue. On the other hand, statistical mechanics (SM) is devoted to the study of physical properties of macroscopic systems consisting of a very large number of molecules. The huge number of CBs involved in contractile processes confers the necessary ground for applying SM. From a thermodynamic point of view, contractile tissues are open living systems exchanging energy and matter with their surroundings. They are not in thermodynamic equilibrium and can operate either near or far away from the thermodynamic equilibrium [6] . The goal of our study was to apply SM to human PSV by using the grand canonical ensemble which represents a general and useful method for studying complex open systems. SM combined with the A. Huxley formalism made it possible to determine statistical entropy (S), internal energy (E), chemical affinity (A), thermodynamic force (A / T) (T: temperature), thermodynamic flow (v), entropy production rate (A / T x v) in human PSV [4, 7, 8] . We observed that human PSV operated under linear regime in a near-equilibrium stationary state. Thermodynamic flow was particularly low in human PSV, which conferred a dramatically low entropy production rate. In the Discussion section, results obtained in human PSV were compared to those previously published by using the same formalism [9, 10] . Human PSV mechanical and biochemical properties were compared with their counterparts in currently used smooth and striated (heart and skeletal) mammalian muscles [11] [12] [13] .
Materials and Methods

Ethics Statement
Placenta (n = 40) were obtained from pregnant women undergoing delivery at the maternity of Meaux hospital, Meaux. Patients gave informed written consent. The study was approved by the « Comité Consultatif sur le Traitement de l'Information en matière de Recherche dans le domaine de la Santé » 2012.181, the « Local Ethical Committee », 2011, 206, the « Direction Générale pour la Recherche et l'Innovation » and the Direction of the Meaux Hospital, Meaux. All pregnancies were normal without complications. Several exclusion criteria were retained: delivery before 37 weeks of gestational age, newborn with birth weight below the 10 th percentile [14] , pre-eclampsia, gestational diabetes, congenital malformations and chromosomal abnormalities.
Experimental Protocol
Human PSV were carefully cut from the middle part of a cotyledon (resting length Lo was 10.2±2.6 mm and diameter was 1.5±0.3 mm) belonging to the type 1 category of the Demir classification [15] . PSV were horizontally disposed in a bath chamber and were held by means of a spring clip attached to the lever arm of a homemade electromagnetic system [16] . A basal tone of about 1 mN.mm -2 was imposed to the PSV in such a way it induced neither shortening nor lengthening of the PSV. The bath chamber contained a Krebs-Henseleit solution (in mM): 118 NaCl, 4. 
Electromagnetic Lever System
The electromagnetic device was previously described in details [16] . A precision source delivered a current through the coil and hence determined the force at the tip of the lever. This force could be set by decade switches in calibrated steps of 0.01, 0.1,1 and 10 mN, up to a total of 20 mN. The displacement of the lever was measured by means of an opto-electronic transducer. A light-emitting diode (LED) was mounted in such a way that a diaphragm on the lever modulated the light falling on the photodiode. The photodiode current was converted into a voltage and filtered with an active third order low pass filter. The length range was 1000 μm resulting in an output voltage of 10 V full scale. Force carried by the PSV was measured with unilateral feedback techniques. Maximum range was 10 V, corresponding to a load of 20 mN at the lever tip. The electrical stimulus was provided through two platinum electrodes disposed along both sides of the PSV.
Hyperbolic Tension-Velocity (T-V) Relationship
The load level was progressively decremented by successive steps of 0.1mN from isometric tension until zero-load. At each afterload level, PSV shortened at isotonic tension level (T) and constant velocity (V) [3] . The T-V relationship was constructed from the velocity (V) of 7 to 10 isotonic contractions, versus the isotonic load level normalized per cross-sectional area. The T-V relationship was fitted by means of a hyperbola according to the Hill equation (T+a)(V+b) = (To+a)b, where-"a" and-"b" are the asymptotes of the hyperbola [17] . The G curvature of Hill's equation is equal to To / a = Vo / b, where To is the peak isometric tension, and Vo the maximum unloaded shortening velocity. Asymptotes-"a" and-"b" were expressed in mN/mm 2 and in Lo/s, respectively. G is dimensionless.
A. Huxley Equations
The CB cycle was described in Fig 1. A. Huxley's equations can be applied to striated and smooth muscles and human PSV [3, 4] . They made it possible to calculate the peak rate constants for CB attachment (f 1 in s i.e., maximum myosin ATPase activity under isometric conditions where v = k cat x mole number per liter. Moreover, w is the maximum mechanical work of a single CB (w / e = 0.75) and e is the free energy required to split one ATP molecule [4] . According to A. Huxley's theory, one ATP is split per CB cycle, the ATP standard free energy is nearby-60 kJ /mol, thus the value used for e was equal to 10 −19 J. The molecular step size h is defined by the translocation distance of the actin filament per ATP hydrolysis. In vivo double-head myosin displacement during a unitary interaction with actin was 10 nm [18] . The parameter l is the distance between successive actin sites with which any myosin site can combine with actin. According to in vivo conditions and A. Huxley' s formalism (1 h) [4] , the values of h and l were h = 10 nm and l = 28.6 nm which is close to the semi helicoidal turn of the actin filament. Calculations of f 1 , g 1 , g 2 and k cat were given by the following equations [9] :
The grand canonical ensemble is a useful tool for applying SM to complex open systems such as living contractile tissues, and has been previously used [9, 10] . The open contractile placental system (S) was in a container (C), both exchanging energy and matter. S was composed of all the cycling myosin CBs that could individually be found in one of the seven distinct states, either attached to or detached from actin, and bound or not to a nucleotide (ATP, ADP) or to Pi. C was composed of all the non-cycling myosin CBs, all the non-cycling actin molecules, and all the ATP and ADP and Pi which were not attached to the cycling myosin CBs. Actin, myosin CBs and small soluble molecules (i.e., ATP, ADP and inorganic phosphate Pi) can be exchanged between S and C, so that the number of cycling CBs may slightly fluctuate with the number of non cycling CBs becoming cycling CBs and vice versa. In the grand canonical ensemble, the average number of independent, non interacting cycling CBs within S was determined from A. Huxley's equations [4] and was expressed in nM per L of placental tissue. The grand potential (C) is linked to E, S, A and T according to the classic relationship C = E−TS−A where A is the chemical affinity of the CB cycle, S the statistical entropy, E the internal energy, and T (Kelvin) the temperature of the system S. The method for determining the probability (Pr) of the seven (r = 7; 4 attached states and 3 detached states) conformational states of the CB cycle has been previously described [9] (Fig 1) . Statistical entropy S is given by the formula S = −R∑ PrlnPr (R: gas constant). The molecular partition function is z = 1/Pmax (where Pmax is the highest probability PD3 of step D3 of the CB cycle). Briefly, for each of the seven different conformational states r (i.e., r = 0, 1, . . .,6) of the CB cycle, a given energy level E r was individualized. The energy level E r increased from E 0 to E 6 . By convention, the lowest level (E 0 ), which coincided with the ground state (gs), was equal to zero; thus Eo = Egs = 0. The most probable detached state was D3; this implies that Po = PD3 and consequently Eo = ED3 = 0. The Boltzmann distribution is given by the equation: P r = exp (−βE r )/∑ exp (−βE r ), and by definition the molecular partition function is equal to z = ∑exp(−βE r ), thus P r = exp (−βE r )/z, where β = 1 / kT. As Eo = 0 consequently, Po = PD3 = 1/z.
Moreover, we have the thermodynamic equation: E−TS = −RT lnz Thus E−TS = C−A = −RT lnz = RT lnPmax = RT lnPD 3. Consequently E = RTlnPmax+TS. The CB cycle stopped when the thermodynamic flow ϖ of the system S tended towards zero. Under these conditions, A also tended towards zero. Thus E−TS tended towards C. The extrapolation at v = 0 of the E−TS versus v relationship (i.e., the ordinate of this relationship) was equal to C. Affinity A was calculated by the equation: A = C−RT lnPD 3 and thermodynamic force was equal to A/T.
If A 2500 J/mol, a chemical system operates near-equilibrium. A near-equilibrium chemical system under linear regime evolves to a stationary state. This is achieved if the thermodynamic force A/T varies linearly with the thermodynamic flow v [19, 20] . In open systems in their stationary state, entropy production rate (diS/dt) due to a chemical reaction is the product of thermodynamic force and thermodynamic flow: diS/dt = (A/T) x v [20, 21] .
Results
Affinity (A) of PSV was 573±562 J/mol (mean ± SD) in KCl and 549±441 J/mol in tetanus (Table 1 ; NS). Thus, PSV behaved near-equilibrium because A 2500 J/mol. Moreover, thermodynamic flow varied linearly with thermodynamic force (Fig 2) . Thus, PSV operated in a stationary linear regime. Table 1 shows that the following thermodynamic parameters did not differ according to the stimulation mode either under tetanus or KCl, i.e., affinity, thermodynamic force, thermodynamic flow, entropy production rate, statistical entropy, internal energy, microcanonical partition function, catalytic constant and myosin content. Entropy production rate was dramatically low because of the very low value of the thermodynamic flow and it increased curvilinearly with thermodynamic force (Fig 3) and linearly with thermodynamic flow (Fig 4) . Entropy production rate also increased curvilinearly with the microcanonical partition function (Fig 5) . Thermodynamic force decreased linearly with the highest probability (PD3) (Fig 6) . Values are means ± SD. For all parameters presented in Table 1 , there were no statistical differences between tetanus and KCl exposure by applying the unpaired t test, as attested by the p-values.
doi:10.1371/journal.pone.0142471.t001
Discussion
The purpose of our study was to apply the formalism of statistical mechanics (SM) to human placental stem villi (PSV). SM made it possible to determine thermodynamic parameters such as statistical entropy, internal energy, chemical affinity, thermodynamic force, thermodynamic flow, entropy production rate of a given chemical system [6] . We found that human PSV was a near-equilibrium system which operated under linear regime in a stationary state. Thermodynamic flow appeared to be dramatically low. SM parameters of PSV (Table 1) were compared to those of striated (heart and skeletal) and smooth muscles previously published in the literature and according to a similar method (Table 2) .
Human PSV: a Contractile Tissue
Numerous experimental studies have shown that human PSV behaved as a contractile tissue. Contractile properties of the human placenta have long been recognized. Early in the twentieth century, several authors have described smooth-like muscle cells in human PSV [22] [23] [24] [25] [26] [27] . Then, it has been shown that in the presence of KCl, PSV contracted along their long axis [1, 2] . Other authors [28] [29] [30] have measured the human PSV myosin content and the myosin ATPase activity (i.e., the thermodynamic flow), which represents the basic chemical characteristic of contractile tissues. The structure of the extravascular part of PSV has been described and myosin has been identified in large amount within it [31] [32] [33] . This contractile system is composed of extravascular stromal myofibroblasts arranged parallel to the PSV longitudinal axis and unlike the circular vascular smooth muscle cells [15, 31, [34] [35] [36] . Moreover, it has also been shown that PSV contracted under electrical stimulation in tetanus mode [16] . The myosin type found in the extra vascular part of human PSV has been shown to be the non muscle myosin IIA (NMIIA) [37] , whose molecular kinetics appear to be particularly slow [38] . Finally, myosin CB kinetics in PSV have been found the slowest ever described in a human contractile tissue [3] .
Near-Equilibrium Thermodynamics
In human PSV, near-equilibrium thermodynamic behavior was validated because the chemical affinity (A) of the global CB cycle was A 2500 J.mol -1 [6, 20, 39] (Table 1) . Both skeletal, cardiac and smooth muscles have been all reported as behaving in a near-equilibrium state [9, 10] . In human PSV, the order of magnitude of affinity was moderately higher but did not greatly differ from those calculated in other contractile tissues (Tables 1 and 2 ). Numerous living systems have been shown to be maintained in a near-equilibrium state through a flow of energy and matter. This has been observed in chemical processes which regulate cellular metabolism and use adenosine triphosphate [40] [41] [42] 43] , in the Gibbs-Donnan system [44] and in the Na +-K + ATPase pump [45] .
Linear Thermodynamics
Under linear regime where the phenomenological laws of Onsager [19] are valid, a near-equilibrium system will evolve to a stationary state [6, 46] . This was the case in our study since there was a linear relationship between thermodynamic force (A/T) and thermodynamic flow (v) (Fig 2) . Similar behavior has been previously described in several living systems [47] . This has been reported in mitochondria, in oxidative phosphorylation, in facilitated and active transport and in time evolution of proteins [48, 49, 50, 51, 52, 53] . In such stationary open systems subject to flow of energy and matter, total entropy production rate d i S/dt reaches a minimum which represents the stability criterion of a stationary state [6, 20] . This was the case for striated and smooth muscles [9, 10] . diS/dt quantifies irreversibility of chemical processes [20] . The higher diS/dt, the further the system moves away from equilibrium [6] . The low value of entropy production rate observed in PSV (Table 1) indicated that this contractile structure generated few irreversible biochemical processes and behaved very near-equilibrium compared with other contractile systems ( Table 2) . This was mainly due to the dramatically low thermodynamic flow observed in PSV (Table 1) . Thermodynamic flow (product of k cat and myosin content) was particularly low because of the low values of both k cat and myosin content in PSV (Table 1) , compared to that observed in other contractile tissues (Table 2 ).
Other Thermodynamic Parameters
In human PSV, statistical entropy was of the same order of magnitude (Table 1 ) of values as previously reported in smooth and striated muscles (Table 2 ) [9, 10] . S is related to the dispersal of energy and represents a measure of the degree of disorder in a given system [7, 54] . Microcanonical partition function (z) reflects how the total number of CB molecular motors is distributed or partitioned over the available states, and gives a rough estimate of the number of molecular states that are significantly populated at T°K. Statistical entropy, internal energy, affinity, thermodynamic force and microcanonical partition function were also of the same order of magnitude in PSV (Table 1 ) and in other contractile tissues (Table 2) .
Our results may have some clinical interests, particularly in case of intrauterine growth restriction (IUGR), which refers to pathological states in which a fetus is unable to achieve its genetically determined potential size. IUGR which represents 3 to 5% of births, causes numerous perinatal complications, including fetal morbidity and mortality, iatrogenic prematurity, fetal compromise in labor, etc. Numerous placental abnormalities due to hypertension, preeclampsia or diabetes may cause IUGR. From a clinical point of view, it would be interesting to study thermodynamic properties of placenta in pathological states such as IUGR.
Conclusions
Stem villi of human placenta were a contractile tissue containing myosin molecular motors which cycle dramatically slowly. This confers a particular thermodynamic profile, with the lowest entropy production rate ever observed in any contractile system. Moreover, human placenta behaved as a near-equilibrium system under linear regime evolving to a stationary state. The low values of both thermodynamic flow and myosin content conferred to human PSV a dramatically low rate of entropy production compared to other contractile tissues. Table 2 . Mechanical parameters of smooth and striated muscles and thermodynamic parameters previously published in the literature with the same method [9, 10] . Values are means ± SD. EDL, Soleus and Trachea were stimulated under tetanic electrical stimulation and Heart under twitch electrical stimulation.
doi:10.1371/journal.pone.0142471.t002
